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ABSTRACT 


A computer model is presented for determining the daily allo- 
cation of airstrikes for interdicting a lines-of-communication (LOC) 
network assuming an exponential damage function. The allocation of 
sorties to arcs in the network is based on the assumptions that (1) 
flow of supplies is restricted by network capacity and (2) parameter 
values for each arc are independent. Upper and lower flow bounds, 
cost per unit flow, maximum repair time and cost, and the vulner- 
ability parameter for each arc are required as input data. The 
model selects that arc to strike which maximizes the repair cost 
plus the product of the increase in minimum cost circulation flow 
and repair time. The procedure is programmed in daily cycles, 
allowing repair »n interdicted arcs. A sample problem and all docu- 


mentation necessary for duplicating the computer program are given. 
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arc between nodes i and j 

cost of one unit of flow on arc (i.j) 
cumulative repair time for arc (i,j) 
damage on arc (i.j) caused by ns strikes 


total damage on arc (i,j) over one or more days 


cost of a minimum cost circulation flow after arc 
(i,j) has been struck 


cost to repair the arc damage caused by aa strikes 


maximum cost to restore an arc from its lower flow 
bound to its upper flow bound 


lower flow bound on arc (i,j) 
actual flow on arc (i,j) 
the number of strikes allocated to arc (i,j) in one day 


maximum number of strikes that can be allocated in any 
one day 


amount of repair completed on arc (i,j) in one day 
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time to repair the arc damage caused by ane strikes 


maximum time to restore an arc from its lower flow 
bound to its upper flow bound 


initial upper flow bound (maximum capacity) on arc (i,j) 
upper flow bound on arc (i,j) at any time 


vulnerable flow capacity of arc (i,j), i.e., V., =U... - 
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vulnerability parameter for arc (i,j) 





Le AMS 
‘LU i Pali 








I. INTRODUCTION 


A. GENERAL 

The ability of a military force to conduct sustained combat 
Operations any distance from its base of supply may be limited by 
the land lines-of-communication (LOC) network over which its 
supplies must flow. This is particularly true if air and sea 
resupply are not feasible, or the opposing force has superiority 
over these alternatives. The amount and type of material required 
to support a military force are determined by the nature of combat 
Operations and the intensity of combat. A large conventional force 
would require more pounds-per-man-day than a small guerilla force 
capable of obtaining a portion of its requirements in the area in 
which it operates. Undoubtedly, however, a requirement will exist 
for supplies in excess of what can be obtained locally or what can 
be transported organically by the combat force. 

The land LOC network then becomes an important military target. 
Flow of military material over the network can be reduced by any of 
three alternatives: (1) attacking the transport capability, i.e., 
vehicles or rolling stock, (2) attacking manufacturing and supply 
centers, thereby reducing the amount of materiel available, or (3) 
attacking the road/rail LOC network over which the materiel must flow. 
Certainly, a combination of these alternatives would be most desirable. 
However, political considerations might preclude attacking manufactur- 
ing and supply centers; and terrain, weather, and lack of intell- 


igence information might limit the effectiveness of attempting 





to attack convoys moving over the network. 

Such a scenario is particularly applicable to the present war 
in Southeast Asia and is a general characteristic of limited warfare. 
The North Vietnamese neither possess a sophisticated air resupply 
capability, nor can they openly move Pesiie by sea to support 
their forces operating in South Vietnam. They do, however, enjoy 
immunity from attack on all their facilities north of the 17th 
Parallel. Therefore, the supply of materiel to their forces oper- 
ating in the South is primarily limited by the transportation system 
over which this materiel must flow. 

The objective of an interdiction campaign by airstrike must 
then be to systematically reduce the capacity of road or rail 
segments which will ultimately restrict the amount of materiel that 


can flow through the network. 


B. AVAILABLE LITERATURE 

Several authors have published works on the problem of inter- 
dicting a lines-of-communication network. Durbin [3] has construct- 
ed a model for determining maximum cargo flow as a function of 
available transport vehicles. His method sequentially selects and 
interdicts the most vital segment in the network until flow is re- 
duced to zero or a specific number of segments have been destroyed. 
The model operates in daily cycles and allows repair on interdicted 
segments. 

Wollmer [11, 14, 15] has developed a procedure to determine 


the n most vital segments in a network and to evaluate the effect 





of removing the most vital segment. In the latter work, road 
capacity as a function of the number of strikes is reduced (1) 
by a known quantity and then (2) by a quantity that is a random 
variable. 

Wollmer [12, 13] has also developed algorithms and a model 
for evaluating a targeting strategy whose aim is the greatest re- 
duction in network flow. The model is programmed in daily cycles 
with the user specifying the number of days and strikes. 

Mustin [9] uses the topological dual to represent a lines-of- 
communication network and assumes the decrease in capacity of a 
road or rail segment has a fixed deterministic rate which is linear 
between its upper and lower bounds. 

Nugent [10] also uses the topological dual for network rep- 
resentetion, but assumes ths reduction in capacity of a road or 
rail segment is exponential with decreasing marginal returns. His 
model is constrained by the number of available sorties and does 


not allow for the dynamics of the daily allocation problen. 


Cc. ALLOCATION OF EFFORT 

Many techniques have been devised to aid in solving the 
problem of allocating limited resources. Hancock [8] provides 
a reference on classical optimization cere Danmsicame lie 2 | 
considers the theory of maxima and minima and its application to 
weapons systems. allocation; and Koopman [6, 7] considers a simi- 
lar problem in the allozation of search and screening effort. 


The problem facing the strike planner is to determine what road 





or rail segments in the network to attack and how many strikes to 
allocate to each selected segment. Numerous considerations must 

be weighed in order to make this determination: (1) the number of 
sorties available on a given day, (2) the probability that a strike 
against a particular segment is successful, (3) the expected cost 
to the enemy in time and effort to repair an interdicted segment, 
(4) the expected cost of aircraft lost in striking a defended seg- 
ment, and (5) the expected reduction in capacity if a strike is 
successful. 

The obvious procedure in making the allocation of N sorties 
is to attack those segments (at a level of ni, each) that maximize 
the ratio of benefits to cost. As will be shown later, Gibbs' 
Lemma [2] provides the mathematical basis for determining this 


allocation. 
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II. OBJECTIVE AND SCOPE 


The objective of this paper is to present a model for determin- 


ing the daily allocation of airstrikes for interdicting a lines-of- 


communication network assuming an exponential damage function. The 


model seeks to allocate a maximum of N (specified) sorties per day 


to those arcs (segments) which yield the greatest reduction in flow 


Capacity and the greatest time and cost to repair. Two options are 


provided that will allow the strike planner to (1) specify the 


number of strikes per day and the number of days in the interdiction 


campaign, or (2) select a percentage of the maximum possible flow 


to be reduced. Using the second option, the maximum available 


number of sorties per day and the number of campaign days are 


specified. 


Certain information is assumed to be available to the strike 


planner for each arc in the LOC network: 


(1) 
(2) 


(3) 


(4) 


(5) 


Upper flow bound - maximum capacity in units per day. 


Lower flow bound - minimum capacity in units per day below 
which the flow cannot be reduced. 


Maximum repair time - the time required to repair the 
maximum possible damage on an arc. 


Maximum repair cost - the cost to repair the maximum 
possible damage on an arc. 


Vulnerability parameter - the probability that a sortie is 
successful. The strike planner can manipulate this para- 
meter by providing his own definition of "successful." 


The vulnerability of any arc, Vias is defined as the upper flow 


bound minus the lower flow bound, i.e., U,.-L... A necessary assump- 


ij ij 


tion is that the vulnerability, repair cost, and repair time ave in- 


dependent of the same parameters for any other arc. 


ml 





By assuming an exponential damage function, the reduction in 
capacity Sans? for any arc (i,j) caused by oe strikes is: 


ds, = V1 - exp(-VP, , ni,J (1) 


Arc repair time and cost are linear functions of the amount 


of damage caused by Bg strikes: 


t 


ij Ay ia? 44 (2) 


key = (4,,/V, DK, (3) 
The amount of arc repair that can be completed in any one day 
is a function of the computed cumulative arc repair time and the 
total damage on the arc: 
Ci = Wy Nod a (4) 
The value of allocating ae strikes per day to arc (i,j) 
is determined by: 
ee = (F' - F) ti + kay (5) 
The model daily selects and interdicts those arcs that 
maximize (5), performs repair as indicated by (4), and steps to 


the next day. The procedure has been programmed in FORTRAN IV 


for use on the IBM 360/67 computer. 
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III. NETWORK REPRESENTATION OF LINES-OF-COMMUNICATION 


A. NETWORK STRUCTURE 

A transportation system, whether single or multimode, can be 
represented by a connected graph of nodes and directed arcs. For 
example, a highway system would consist of roads (arcs) and the 
intersection of roads (nodes). If a road is one-way, the beginning 
node of an arc is the point where traffic enters the segment and the 
ending node is the point where traffic leaves the segment. If a 
road is two-way, it is represented by two arcs, one in each direction. 

The LOC user attempts to send units of flow, expressible in 
vehicles per day, Me : per day, etc., from the source to the sink. 
The source of flow could be a rear-area supply center and the sink 
could be the battlefront or a forward-area supply center. If the 
user is constrained by the capacity of the transportation system, 
it is assumed that he will attempt to maximize the total flow of 
cargo through the network at a minimum cost. 

Consider the example LOC networ’ shown in Fig. 1. Suppose the 
user wishes a send flow from node AA to node ZZ. Node AA is the 
source and node ZZ is the sink. The route (AA,A,K,L,ZZ) is one of 
many possible routes over which the flow can be sent. Associated 
with each arc are certain parameters: lower bound on flow, upper 
bound on flow (flow capacity), and the cost per unit flow. For are 
(K,L) the following parameters are given: 


Lower bound (L5 5) Pe eae 0 
Salarere a: LOO 
3? 


Flow cost (C.,) ee 7 


Upper bound (U, 
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These parameters imply that between O and 400 units of flow per time 
unit can be sent over (K,L) at a cost of 7 per unit. This cost can 
be expressed in terms of dollars per ton of cargo, dollars per 
vehicle, manpower units, or any other definable cost. If the arc 

is used to its capacity, i.e., ms = ee it would cost 2800 per time 
unit to send flow over this arc. The total cost per time unit of 


sending 400 units of flow from node AA to node ZZ over route 


(AA,A,K,L,ZZ) would be: 


» M..C.. = 400(0) + 400(6) + 400(7) + 400(0) 
ali (Gig) ee 

in 
the route = 4200 


It is important to note that the flow out of a node equals the 
flow into a node. This conservation of flow implies there can be no 
storage at nodes. Therefore, for most general networks, if X units 
of flow are sent from the source to the sink, then any flow pattern 
that accomplishes this will have net flows of X units out of the 
source, X units into the sink, and zero on all other nodes. 

In actual LOC networks, there may be more than one source and/or 
sink. This can be handled, provided any source can supply any sink, 
by adding artificial nodes and arcs. This allows the user to con- 
vert the multi-source, multi-sink problem to a single-source, single- 
sink problem. The artificial arcs are used to oouteet the true 
sources (sinks) to an artificial super source (sink). Note in 
Figure 1 that arcs (AA,A), (AA,B), (AA,C), and (AA,D) can be con- 
sidered artificial arcs connecting the true sources A, B, C, and D 


to the single artificial super source AA. Similarly, arcs (L,ZZ), 
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feo yee 22). and (3.22) can be considered artificial arcs connect- 
ing the true sinks L, H, I, and J to the artificial super sink ZZ. 
The flow on an artificial arc, e.g., (AA,A), can be considered the 
rate that cargo leaves the true source A. The capacity for arti- 
ficial arcs is usually infinite, but could represent the maximum 
supply rate at a facility such as a supply center or warehouse. 

The lower flow bound and cost on artificial arcs are normally zero. 
Artificial arcs are not considered vulnerable to attack. 

Actual flow on an are is Se eae id if the flow is from 
node i to node j ane if the flow is in the reverse direction. 
Normally, flow is assumed to be from the source to the sink but 
can be in either direction on intermediate two-way arcs. 


U.., U.., and L,, represent the upper flow bound, the flow 
1j 1J 1j 

capacity at any time, and the lower flow bound, respectively, for 
any arc (i,j). The following relationship must hold for these 


parameters: 


Oe bee Sie U2. < UL. 
~ 4ag7 Ar qzwjyr dy 


The maximum possible flow through the network can be determined 
by using the maximal-flow minimal-cut theorem [4]. It states that 
the maximum flow in a network is equal to the minimum value of all 
cut-sets, where a cut-set is defined as a set of arcs that separate 
the source from the sink. The value of a cut-set is defined as the 
sum of the capacities of all arcs in the cut-set. In the example 
network, Figure 2, arcs (A,K), (K,E), (E,H), (E,F), (C,F), (C,G), 


and (D,G) form the minimum cut-set with a value of 5000 units. 
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B. CIRCULATION FLOWS IN NETWORKS 

As previously stated, if the LOC user is constrained by the 
capacity of the network, it is assumed he wishes to maximize the 
total flow through the network at a minimum cost. Such a problem 
is efficiently handled by the "OQut-of-Kilter" algorithm developed 
by Fulkerson [4]. The network is restructured by adding a "universal" 
arc from the super sink to the aneer source as in Fig. 3. This 
artificial arc is assigned an upper flow bound greater than or equal 
to the maximum possible flow through the network (usually infinite), 
a lower bound of zero, and a unit flow cost less than the flow cost 
on any arc (usually minus infinity). Hence, the problem of maxi- 
mizing source-sink flow is converted to one of finding a minimum 


cost circulation flow by maximizing flow on the universal arc. 
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iV. “MODEL OPERATION 


A. MATHEMATICAL PRELIMINARIES 


Assume: (1) The set X* = (x%, x5 ore x% ) 
n 
maximizes aero) 
: ites 
i=l 
n 
subj. to x, = ox, > (CO 
. i i 
i=l 


(2) The £ . (x,;) are continuous and differentiable 
7 

GEE. 4G.) s 0 
i at 


Note: These are necessary and sufficient conditions 
for a global maximum since the objective func- 
tion is concave and the constraints are convex. 


Then there exists a scalar s > 0 such that: 
q 
(1) £.(x,) SG Ler x" 0 
(2) £\(x,) < s for x* = 0 
ef i 
Note: The Lagrange Multiplier, s, can be interpreted 
as the implicit marginal price of allocating an 
additional unit of resource. 
The above is known as Gibbs' Lemma and is discussed in more detail by 
Danskin [2]. It can be derived from the Kuhn-Tucker conditions or by 
elementary arguments based on the special structure of the problem. 


There are two important implications of this lemma: 


(1) Marginal return must be above a threshold value, s, for a 
resource to be allocated 


= e e e e ' t 
(2) For alternatives which receive allocation, £. (x*) = ee 
i.e., at the optimum allocation point, the oe. 
ratio (marginal return/marginal cost), is constant. 
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B. MODEL DESCRIPTION 

As stated earlier, there are numerous considerations to be 
weighed in allocating strikes to arcs in the LOC network. From a 
mathematical viewpoint, it is assumed that the effectiveness of the 
network to its user may be measured in terms of how to obtain maxi- 
mum flow at minimum cost. Therefore, the criterion to be used to 
allocate sorties is to minimize LOC effectiveness over time, taking 
into account the cost to repair damage on an arc. This is accomplish- 
ed by allocating strikes to the set of arcs that maximize the costs 
to the user. 

The effect of striking an arc is to reduce its capacity and 
increase the cost of a minimum cost circulation flow for a specified 
period of time. Therefore, in allocating N strikes, the selected 
arcs are the ones that maximize repair cost plus the product of the 
increase in minimum cost circulation flow and repair time. Specific- 
ally, if F is the cost of a minimum cost circulation flow before arc 
(i,j) is struck, F' is the cost of a minimum cost circulation flow 
after ne strikes on arc (i,j), and th and ns are the repair time 
and repair cost, respectively, for damage caused by aie strikes, 


then the arcs selected for attack will be the ones that maximize: 


r (F' -~ ¥F) t,, +k,. 
all (i,j) fj 4S 
Sec: (1) 2 Ae Non 2 0 
all (i,j) +3 
where: F = ” M..C 


all (i,j) 0 4 
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| 
F = r ter, — 4, ,(C,, + @-)- : Coen 
all (1,3) 2 43 al 3a ij 


t., : 
Note: C is the unit flow cost on the universal 


arc. 
So = v,,i1 - exp(-VP,, n,,)J 
pea ).;) ba 
a ys 


The objective function then becomes to maximize: 


[oe + c") [1 - exp (-VP. . aie 


) mec bre | 
alii) 1) if ieee 


or lt TEEDVE ni4J 


This can be shown to be a continuous concave function of a whose 
second derivative is negative. The constraint is convex; therefore, 
the above objective function becomes the £, (x,;) of Gibbs’ Lemma. 

To determine the allocation of N airstrikes, it is necessary to 
compute the value of the Lagrange Multiplier, Ce By Gibbs' Lemma, 
it is known that there exists an s* > 0 such that: 

x 


q as 
ns = 0 for £, &,) <5 


t 
aie > 0 for £. (x;) > S 
An iterative method for this computation is developed by Nugent [10]. 
The above procedure is used in Option (1) where the number of 
strikes is specified. For Option (2), a similar procedure is 


developed with the addition of another constraint. Recall that 


Option (2) requires a percentage by which the initial flow is to 
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be reduced. The additional constraint becomes: 


(2) © M,.> (Q- pM, 
eco ij 


| 
where: we is the initial network flow. 


p is the percentage by which the 
initial flow is to be reduced. 


Obviously, for the allocation of a maximum of N sorties, either 
constraint (1) ce (2)"¥ill “be active and the value of the Lagrange 
Multiplier, s*, can be computed using Nugent's method. 

If the vulnerability parameter of arc (i,j) takes cognizance 
of the probability of losing an aircraft on any mission against 
that arc, then the model seeks to interdict that set of arcs where 


the ratio (marginal return/marginal cost), is constant. 


C. COMPUTER SOLUTION PROCEDURE AND OUTPUT 

The computer Sear on procedure operates in daily cycles, the 
strike planner specifying by Option (1) or (2) the specified or 
maximum number of strikes per day, respectively, and the number of 
days in the interdiction campaign. The computer solution differs 
from the optimal model described in B., in that strikes are allocated 
one at a time. Each time, the arc selected to be struck is the one 
which maximizes: 


| 
(F - F) oa + Bo 


' 
The values F , F, tia and Mag are computed for one strike instead 
of for nig strikes. This is a marginal allocation procedure, the 
solution having the property that if an arc is selected for inter- 


diction when N strikes are allocated, it will also be selected for 
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interdiction when more than N strikes are allocated. Since optimal 
allocation of strikes would not necessarily have this property, the 
selected arcs are optimal for one strike, but only approximate optim- 
ality for multiple strikes. 

After each strike, the following information is output: 

(1) Arc selected for strike 

(2) Arce capacity before and after strike 

(3) Actual arc flow before and after strike 

(4) Day arc repair is to be completed 

(5) Cumulative repair cost 

(6) Network flow after strike 
*(7) Network flow cost after strike 

(8) Number of strikes against that arc for that day 
*Note: Since the unit flow cost on the universal arc is an 
artificial cost used to convert a particular type of source- 
sink flow problem to one of circulation flow, it is not con- 
sidered in the printed output calculation. 

The end of a campaign day is determined by the option used. 
Using Option (1), the day terminates when N sorties have been 
allocated. Using Option (2), the day terminates when either N 
strikes have been allocated or the total network flow has been re- 
duced to a specified percentage of the initial flow. The following 
information is output at the end of each day: 

(1) Arcs selected for strike 

(2) Number of strikes allocated against arc (i,j) for 
that day 

(3) Number of strikes allocated fea ine arc (i,j) for 
the campaign 

(4) Total number of strikes allocated that day 

(5) Total number of strikes allocated for the campaign 

At the start of each day, all arc repair scheduled for that 


day has been completed. The resulting flow pattern is computed and 


arc flow, maximum network flow, and network flow cost are output. 
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V. SAMPLE PROBJLEM 


The network shown in Fig. 4 is used as a sample interdiction 
problem. It is the same network used previously but with the 
addition of maximum repair time and maximum repair cost parameters 
for each arc. Figure 5 depicts the same network, but node positions 
in relation to each other have been changed to indicate a more 
realistic lines-of-communication network. Artificial arcs from 
the super source are used to indicate that flow in the enemy sanctu- 
ary area is invulnerable to attack. Nodes A, B, C, and D are points 
on supply routes where arc capacity is subject to interdiction. The 
enemy objective is to move supplies from his sanctuary area to for- 
ward supply centers located at nodes L, H, I, and J. Nodes K, E, F, 
and G are route intersections. Figure 5 also gives the actual 
direction and magnitude of flow before the interdiction campaign 
begins. 

The objective of the strike planner is to reduce the initial 
maximum network flow by 60 percent and thereafter, maintain this 
reduced flow for a campaign of 5 days duration. He has a maximum 
of 50 aircraft available each day to fly interdiction missions. 


The computer solution to this problem is given in Appendix D. 
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VI. SUMMARY AND EXTENSIONS 


A computer model has been presented for determining the daily 
allocation of airstrikes for interdicting a land lines-of- 
communication (LOC) network, assuming an exponential damage function. 
The allocation of sorties to arcs in the network is based on the 
assumptions that (1) flow of supplies is limited by network capacity, 
and (2) parameter values for each arc are independent. The model 
Beiwets that arc to strike which maximizes the repair cost plus the 
product of the increase in minimum cost circulation flow and repair 
time. The procedure operates in daily cycles, performing repair on 
arcs that have been struck. 

Two options are provided that allow the strike planner to 
(1) specify the number of strikes per day and the number of days 
in the campaign, or (2) prescribe a percentage by which the initial 
flow is to be reduced, the _— number of strikes per day, and 
the number of campaign days. The upper and lower flow bounds, 
cost per unit flow, maximum repair time and cost, and the vulner- 
ability parameter for each arc in the network are required as in- 
put data. 

The model has been programmed in FORTRAN IV. for use on the 
IBM 360/67 computer. Detailed information for each day in the 
campaign is listed in the computer output to include arcs selected 
for interdiction, network flow and network flow cost at the end 


of each day, and the number of sorties allocated to selected arcs. 
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There are almost an endless number of extensions that can be 
considered in the allocation of airstrikes to a LOC network. In 
the present model, it is assumed that only one type of aircraft is 
available to attack the network, i.e., one weapons system against 
Y targets. A more practical and interesting cach is to assume 
that more than one type of aircraft is available for interdiction, 
each with a different kill probability against different types of 
targets, i.e., X weapons systems against Y targets. The damage on 


an arc caused by ne strikes then becomes: 


x 


d.. = V,. [1 - 1 exp(-VP, 


ila) alk eo ij,k J 


"ij sk 


Another modification would be to vary the damage function it- 
self. The exponential was used in this model because it exhibits 
decreasing marginal returns to scale and simplifies computational 
procedure; however, other such functions could be utilized. The 
exponential is a continuous approximation, for ile large and veg 
small, of the function: 
yet 


“ag le - d- ay 


A contrast could be made of the damage caused by both distributions 
with actual damage data. Holliday [5]} has done research in the 
field of damage assessment for the Advanced Research Projects 


Agency and his work might be used for such a contrast. 
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Gand Column 


no. no. 
1 1-80 
2 1-5 
6-10 
11-15 
16-20 
22-26 
Arc 1-4 
Data 
Cards 
6-7 
9-10 
12-20 
22-30 
32-40 


APPENDIX A 


COMPUTER PROGRAM INPUT DATA 


Format 


ES, 


15 


i 


15 


F4.2 


A4 


A2 


A2 


19 


19 


IBY) 


Description 


Program title. (PRONAM) 


Maximum number of strikes that can be 
allocated each day. (N) 


The number of days in the campaign. 
(NUMDAY ) 


The number of invulnerable or artificial 
arcs in the network. Include all arcs 
considered invulnerable to airstrike, 
artificial arcs connecting the dummy 
source to the true source(s), and arti- 
ficial arcs connecting the true sink(s) 
to the dummy sink. (CINVL) 


If equal to 1, specifies one-way flow on 
some arcs in the network. If equal to 
2, specifies two-way flow on all arcs in 
the network. When arcs are two-way, a 
strike against one implies a strike 
against the other. (X2WAY) 


Specifies the percentage of flow to be 
interdicted. If greater than 1.0, a 
fixed number of strikes per day (N) will 
be targeted. (REDU) 


Name of arc. If two-way flow, must be 
the same for both arcs. (ARNAM) 


Beginning node. (FROM) 
Ending node. (TO) - 
Lower bound on arc flow. (LBND) 


Arc capacity (upper bound on arc flow). 


(MCTY) 


Cost of one unit of flow on the arc. 
(JFCST) 
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42-50 19 Maximum arc repair cost, i.e., the cost 
of repairing the arc from its lower bound 
capacity to its maximum capacity. (RMAXCT) 


52-60 iL Maximum arc repair time, i.e., the time 
required to repair the are from its lower 
bound capacity to its maximum capacity. 


(MRTM) 
66-70 F523 Arc vulnerability parameter. (VP) 
Last , 
Card 1-2 A4 The word 'GO'. 


Note: Arc data cards must be placed in the following order: 
. Universal arc. 


1 
2. Invulnerable and artifical arcs. 
3. Vulnerable arcs. 
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ARNAM (k) 
COSTMN (k) 
CRC 

CRT (k) 
CSTMNT 


DAMAGE (k) 


DAY 
FLOW (k) 
FROM (k) 
GO 
IKEEP 1 
ERBOP2 


IKPOP1 


IMNCST 


IMNCUT 


INFEAS 


INVL 


IOPARC 


IRQFLO 


APPENDIX B 
GLOSSARY OF PROGRAM TERMS 


The designation of arc ij. (input data) 

Real number equivalent of MNCOST. 

Cumulative repair cost for all interdicted arcs. 
Cumulative repair time for an interdicted arc. 
Real number equivalent of MNTCST. 


Total reduction in capacity of arc ij caused by one 
or more strikes against it. 


Counter for number of days up to NUMDAY. 

Amount of flow on arc ij. 

Location of beginning node of arc ij. (input data) 
Flag used to denote last data card has been read. 
Used to save capacity of arc ij. 

Used to save capacity of the optimal arc to strike. 


If OPTARC is two-way, saves the capacity of the 
reverse direction arc. 


Cost of the initial flow in the network. 


Cost of flow in the network after the optimal arc 
has been struck. 


A flag used in the Out-of-Kilter subroutine to 
denote infeasible flow. 


The number of invulnerable or artificial arcs in 
the network. (input data) 


If an arc is two-way, specifies the reverse 
direction of the best arc to strike. 


Integer equivalent of REQFLO. 
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1S (k) 


ISWICH 


IT (k) 


IV (k) 


JFCST (k) 
JFLOW (k) 
J2WAY 
KFLOI 
LBND (k) 
LINE 
MCAP (k) 
MCAPU 
MCTY (k) 
MNCOST 
MNTCST 
MRTM (k) 


N 


NEWCAP (k) 
NN (k) 


NR 


NRC 
NUMARC 


NUMDAY 


Counter for arcs that have been struck one or more 
times, 


Flag used to denote a two-way arc. 


Counter for total strikes on arc ij during the 
campaign. 


Counter for total strikes on arc ij during one day 
of the campaign. 


Cost of one unit of flow on arc ij. (input data) 
Saves flow on OPTARC before strike. (for output) 
same as ISWTCH. 

Saves flow on OPTARC after strike. (for output) 
Lower flow bound on arc ij. (input data) 

Line counter used in the output subroutine. 
Capacity of arc ij before next strike. 

Saves the capacity of OPTARC before strike. 

Flow capacity of arc ij. (input data) 

Network flow cost before next strike. 

Network flow cost after arc ij has been struck. 
Maximum repair time for arc ij. (input data) 


Maximum number of strikes that can be allocated 
during any one day. (input data) 


Capacity of arc ij after strike. 
Unique node number assigned by Subroutine Number. 


Counter for total strikes on all arcs during any 
one day. 


Counter for total campaign strikes. 
Maximu: number of arcs in the network. 


Number of days in the campaign. (input data) 
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NUMNDE 
OPTARC 


REDU 


REPDAY (k) 
RMAXCT (k) 
RPMCST (k) 
TME (k) 

TO (k) 
TOTCST 
TOTDST 
VALUE (k) 
VP (k) 
VULCAP (k) 


XINCRE (k) 


X2WAY 


Maximum number of nodes in the network. 
The optimal arc to strike. 


The percentage by which initial flow is to be 
reduced. (input data) 


Day on which arc ij is to be repaired. 

Maximum repair cost for arc ij. (input data) 
Marginal repair cost for arc ij. 

Marginal repair time for arc ij. 

Location of ending node of arc ij. (input data) 
Counter for cumulative campaign strikes. 

Counter for cumulative day strikes. 

The value of striking arc ij. 

Vulnerability parameter of arc ij. (input data) 
The vulnerable capacity of arc ij. 


Marginal reduction in capacity on arc ij caused by 
an additional strike. 


Input parameter that specifies whether or not all 
arcs are two-way. 
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T PROGRAM TITLE AND MODE OF GPERATION 
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CSTC FLOW, JFCST,»,NUMARC,IMNCST »INVL,1) 
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CALL STKARC TO DETERMINE BEST ARC TO STRIKE 


CALL STKARC 
IF( INFEAS.~EO.1) GO TO 70 


OPTARC IS THE BEST ARC 


CRT(K) + TME(K) 
) = DAY + CRT(K) + 25 


R FOR ARCS THAT HAVE BEEN STRUCK 
FStky = IStike + 1 

COUNTER FCR DAY STRIKES 

IV(K) = IV(K) + 1 

COUNTER FOR CAMPAIGN STRIKES 

IT(K) = FT(K) + 1 
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SOLVE NETWORK FOR NEXT DAY 

CALL OOK(AUMNDE,NUMARC,FROCM,TO, JFCST »MCAP,LBND,FLONW, 
LPI yNL,INFEAS) 

JFCINFEAS .EQ. 1) GO TC 70 

FIND FLCh COST 

CALL FLCCST(FLOW,JFCST,»,NUMERCesIMNCST,INVL,1) 


PRINT NETWORK FLOW PATTERN AND ITS COST 
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END 


47 





APPENDIX D 


COMPUTER OUTPUT FOR SAMPLE PROBLEM 


48 





"Gate0evl HPsaeesAVH SanloiS Os. (€) 
"Silnti OOOZ UL UssNdsd $I AC 
HUV¥s dU YNINNIYa=gd dHL LY MUls (2) 
| “SiIWI COO? Ua usdliGsaa 
Sl (32ING 0OO0OS) Muds Galo Gusaninn (1) 
2 samjsG JNIMB iG sHt sO .an0 
Viinti AVG HOVa SANTaNUS VIM ShulsSIw 23iuN 


OS = AVQ HUVs sSBrxtolsS dO Ustwlin wWhinwlXVw 


MOUMLIN NUILVIINGiwwOD 3O SSN117 0 3D NOLLJIGYESINI 


49 





INITIAL FLOW PATTERN FOR CCC Nei ae 


one ee awe Oo CG CGC OCCGCCCCCC Ce Cc 
PACD OCOOMY CL ARR EK SEE OOb fF mee 
Cc 


az G 
_ €&) 
Oo CC CCC GCCEeCC CCCCCCCeoOCCeic CCOCOCGCOC CiG 
«<} 
“O) 


& 
eee ere OIC CCE CeO COCOCOC COC CeOCCGE CC 


VIE MER 


UC 
c 
<) 


Meir eee Ge CoC Coe OOC CCC CGeCCCeCoeoCCCcCCcCCEe COC CCC? 
(UR GG Gh) a EY Ol aT Gay age Gr ant a Grr (> © cts Seer eee COO? Ge. © 
aca Nu Cw o.g SM: Oo NW CO @ ra ew F | OC SI ca. GC 
UE we ei fr -_ oo re 


R 


~AmU OCOOCTCOOCOTOOU WRREEL COCA ACOCCOCMOOCATaA LWete Aare tCooww ca 
MQ ; gelg= Get G8 Parte mei Cee ONO, Ree eee MONA Oe 
<Q 
2zUuk 
ao 


a 
are QOCADOOoOCCOOOCeC OC ocOOoOCGOOCCcCOCcCoococecococcoeoccoo 


xOWY OOCOSCOCOCCoOOSCceowrcOococowr Vaan eee Vas aoe Ca ir uss 
<7 GQ. C QAM OWME Lees YG oCauUrhh Oran ee glob ew 
am th. ¢) 

& 


ZSFrFROCCCOC.COOCOMMOCL MAAN S SOOO OMNOME HEL WOOO OUR & ON 


CNO - 
we C 
Lt qe 
1 
eee Cee GC COCO OCOCGOOCOOCCOCC OCC CCOCOOCCOCOCCOCOCCOCOCS 
ee CeCe CeOOOOCOCOOCG CaCO CCOCCCCeCCCOCOOCCcCCocOoOCcoeCc 
CC lIGeCecocCcoonialt Fac cv CClaao mu OG AaGe ek f SOC Og Se OME CC 
Qa AWC COCCCOCO0OeEre oe ont Pen 
~Uuacoccoocococq 


oe eet em et ew ew mie: 


meCy Oy iC.) 

BES 

=e MOG eee Je Ce OeeoeCeCceeocecococceCecocceccocEecocc c 
pe & 

pes | ayo 


we % Rm PR. BA! PR 
AD d WCNenKnnnmy CLO OCC CC TUbmitreu Tue Cay <lil cb yoy,» 


COCK <I <P J 
CCN <i<l<t<D Tie SWC U OK CUUWCOCKTUUU Cu Tue Or Umea yatl yuly oy 
a 


tiie mR ROR 
Ce Gate Gitmo Cece eT Lu U8 co Le ese my YE WU Uso 
Q <wta «tag 
gen decta Te soe WT. CCOOOOACUUIDULILuu uu hee OCU CKi«<iciei yy Yes & 


20 


fe MeoVe: 
5000 


Etiam COST 
THAAUGHP YT 





Y 


m& CU! 


Low 
Hare ee OCW GU RK CAR OGY OUe O CNOR © Oe GONU HCH Oe Rew hu OO 


mee ay Wie Sis ‘ boy Gee sO 7 G¢xz = 3 
t yom eae OQUo = shen c9y Gye? oor =) Y 
SSoUY bo 7kt aoe t eis. oly Ong. otb zu U 
oe ae? Bast vara 4, es See yes wos ti = 
‘ Caer ¢ Og oye eae ELE I7e spills 7 A v 
( a Yost LAL o a9 voy sy *? 57 3 J 
Wes e7 sive Cet 6 ols we ols ore u U 
¥VCCcrY Lave CUT 9 H&S cee Sosy Cos iz 2 
oy slag {ovr Cog c Los S090 i oAE SOc re U 
i 2 Loy % Sener OLY CG 2.07 3cs IOY 2c = J 
‘ Cay Faee 539 et a ye & ie 7C ee » v 
277US 9 Soc © S37 7) cos Coe ces eS, H 3 
LSS Y Ceot vit i | ra Soke Lso0 30 [so = U 
Lew 7 tLot on Ge, rs Sés zs& Scc 29s =. J 
PETC Cer bos ¢ oice by OGY Boy a = 
dete ae >! Yeeger cas l ioc GOUT Lso VOOT J U 
i cus.y Book iss cl eye yO Vise 707 X v 
OoUcY ocO? [vs re 2S Loy 255 Cos = S 
Uzumye 7 Ew.07 ofS 12 oo? eUZ 7 Oo0g ri 5 
[Sdvo¥ YUL may 9 ios SGo tos © ag, 5 J 
L LscoY ivily re 2 Li 204 siV 70% Sty x °) 
CID oY Sata, > c 002 Use 00d eee Kh = 
L£7xc0S lc bry = oY LOY 39 Ne) 3 2) 
ivZUS eco? 3UY Ot bu7 ae Suv Si? a v 
cOv7ts eS ay, Oor C tac GOs 57a VO8 H = 
Ocis ome 7 yc 2 275 602 Ee ae OPM 3 J 
Vices eye ORs Ui vl? Sars oe 7 Sls | V 
Osc ecUY UCe % vOd esd JOL ae 2 J 
0sves Lee loc t cae OO<d Cae Soe z 3 
Omer S Whsy OF¢ & SLs o Sy sts ess a v 
VeLys is%% GEC t COL Byars) boL 78 z 2 
7é¢s3 yC oY OC 0 yoS TOY JS& VOS ys v 
csugs C3979 we c B26 LO> Gh OUs a g 
€z259S Oa ok a +09 Sy vO VS9 » v 
Chose Ws 47 me. S Boy vOL 7Sy sUL » v 
V7VIS8S soy 59 > cOd lig ie 4 sOd ik r Vv 
yOsos age leh: LS By Lg. Lob Eee Lio r v 
yo¥vdg Taeg St ¢c led 0O0c Les O06 r V 
Gas Poe. mu ta 25 O) A¥VU NO SAniGLS saldldS SnyTthS SalelsS OL wWOas 
=f) Molds AYWUMisN olVdad UdUIVdsY UstsavV sAdUast dacs0e ada y 
WLiN AZUMLSIN WAWIXVI fo Whid Seo. MUTS Jay ALLOVaAVI JdV | 
"% AvU dea GslaouVt 


OM CU Cerin SU OI~ ao 
CEAIOQUER CE COO CO OF HET 


51 


cle rmte em eee 


m™ NH E LU LP TO Oewmeu Craer 


Yr Ue 


-— 


-oaeen 





Lo 


y- 
aOu 
Ua wy 
aa ue ocr ww aowou a 
2 Oe ~ ee "er eH 
wu 
zazCcwMm 
ped 
oO Me MAAS GWE KOR 
CZeAOCO Mr CCU PaO Or e-: 
SOViANRHAWKCe OU. 
eFwWICOOCOCaCarrmrerpret et uw 
ULC MMM One & HK MO, 
< 
eg 
~a LCOonmrgovroaurn 
SC RCOVRK YE MO OTAO 
SCG CMON He Reet O 
ME SK MONE HCO CE COCOA OOO 
<ttt Ub 
a. 

rea 

emt Fr OU O Crh KF iNOW 
=AYVAMUNOATO Cerio oO 
™OQ Caaatrgoacogococodce 
COIL © 

OY 

ie 

> 
Ug <« 
Ce-Cmeaunc lf OCs os CH 

<J Cees rire oe 
Cozk 
HC 

(og 

th 

fad AGit TON on or oa eae 1 Om ani tae @ 

Lie O Se OCH Oh Mime & 
se OAR SV rN OS OOS 
Ct t- 
actT Y 
LL. 
Cuil 


YarenO er eseNnY Cea 
TC eel OO C0 OCr OFf- 
UatrhP SYP OS GO 
UE oe 
rw 


> iL 

Raw rt emOOU KA RO Cre 
esis Ye CChR Ch eu Oe 
OraahYy she ace. 
ect b- 

MOY, 

<{ 

a 

> Uill 

SOY WOES Ot ees Ne OHO 
QR Cm hl COON ORC aor 
TUE MSS SE AS VOI G 


TE 


a lie 
Cc mw 
uo 
) © 
Y fey Ute Cy th ea SC 
u 
e = 
fod G. 
<j Cac. Ca Vea tC 
- uu 
WO 2 
ul — 
x — UJ 
™ FAT Oe Os Ut COQ 
a Yeruo GINO! USGS 
—- = 
CC, merc 


es 
e 


1 


AP FOR NAY 
chee te doe i ste a ok ate abe ab ok ak ae 


Y £ 

Ua a aes 

mw ite 

mw Yt 

Sraucce 

2AFei ewe 
-< 

wert) 

<t 

rCa 

Cee 

rl 

oO 

“uw 

tile: 

aa SY 

Te 1 OO” 

att Per tel sal 
b- <t 

wont Ge 

<t 

cool Ca 2 

Gia C 

tau 


ol a 
uv ir. 


aw 


, om 
r 


MEIMRE 
NUMA S 





CM PS!) 


HAS 82a 


2 


PL Laws 


~ 


AS 


SCHEDULED Fey DAY 
rs 


DATTERN 


i] 


Q 
wv 


AY 
FLO 


ARC REP 
RPESILTING 


ALL. 


Cte. Ceocecc ccc 
ROR A We OO. OU 
enn OS ae & 


‘coccocceccotcccccec a... C 


VIENED, 
PAD AM, 


APC 
n 


MCOCoCCCOoOOoOCu rr CC COCOMCaAN ee acerorec 
<< = mies oe Ve rein COM 
<I 0 + 
2 Li 

om 


om 
eI OOS COC COC OC ee Ceecoce 
xX IW/ Ce@eGeceeareecuyicewt: 
SOC Acwes our eax 
= Lo) 
cx 


Fe COCCOCCOOCCU NS OO OU COANE: 

WO - 

eri i. 
= 
i 


SCeoOeOC~ Otis CoO 
Ce aS SSD ed eae bead 
= ‘CGC CCOOas Cr u-w do w 
OCcoce cece 

Gay CCE) Sea Oe | a ate ae, 

pie ee ee ee et ee #5 mt 


a 
co 
t 


11900 
£90 
301 
LAN 
2:00 
400 

1009 


LIND 


fe GCeeOoCacecocecocooococecece: 


L VWER 
Fy ny 


AN 


Li) 

C' Ot mR RAR. 

Mog MOC NA KRREU COC Tu mr my Ly OT 
= 


Nw <td <l 
Pe ore Je) One Cali OU UU CoC <iatituyw & 


FOQM 
NOOE 


‘ 


a ee 

Ie NIRA Die ie ee 
CAN, CT a < «; 

Sa _ ia CoCre WALI ite <a yy yy 


NAME 


ne 
ty 
<j 


53 


aS : 601 


Cas T 
THOAUGHPY 


FLOW 





> 
< 
eS 


eq 
el 
U. 


STRIKES Tee hED 


ORNS NOP ACA OsOUWie bE COU NOOR Re Sh RR AO AAO 


mie RP ete me ee em em eo ee ~ Ci Ae e& om At oe OI - 7 OIOAS 


MLIMR =P 
AF AL 
STOTKES 


GC me- (OF INGDOOCKA COC CMd he Ke UR OCH CC COCHY 
ete rr CA aAaNCOCK OK Cu ah te eRe YR AICO Si 
Coa FOhP GVriwesy QACcCOK Ca TACK Vt & OIG ACAKRSY 
~ 
.¢c 


5a 
28 34)0 


4 


~ 


tf OF VU UU SION WA ARAA ee ee CCCCCCCC YU 
COOK KONE WOON OM MMMM MIE rw OOOH OOK 


a oe 
ere) 298 | 
ARAN 
ao 

2A7R VE 


COST 


wt 


NETWORK 
FLOW 


MAX TMIIM 
FLAW 
3294 
3256 
‘22.33 
2A7AG 
322779 
3742 
2200 
331.22 
3159 
3132 
3104 
AQaZ. 
2H5O 
3039 
3002 
9Oa7 
2OK2 
2945 
2016 
22954 
PRTA 
2REG 


PEPAT2 NETWO2K 


HOt an CLOCK P KNUOAG TOU SR OP ce O HM KHOWOOU OO aew CORO 
COCRMtuh AO CNM GE L@aO Ce Orme ea Cerne Su CR OCC: 
/O 0 COCOCCCC ei Rte me mr ANA UNA R OA CUM OOO OO OO Ons 

po el tedden reignite me mm RR Moe mie einlm eden e Mme rere 


CNM, 
COST 


é 
U' > 
vwdc< 
Ce CGF tVOVuP RK KU — KU blk RAT OIE OL MOCL OTA OMoO CNY: 
<I om ed aah cone onc soot eniend oan -. rm e 
| EE 0 Wd 
he UC 
ce 


Pre Pak oO caenefourb MA GAAS aH 
un ¢t: NeMOwa CR eet COy aK OMS Oe 
raw 


Pe OS 0 
oaaQd 
LOG OMe mete CNG HI laAnd mamoan 


£29 


Cc 
on > 
aN al 9 


PTR 
66 & 
402 


42 
a5 


~ 
aS 
1 ~ 


AFTER 
ST Ke 


fad 
v= 


Mm ata 0 
eeg er (CC 
ue OAC 


> 


CC. Cr 
PE MOU The COC HOOT Oh OS wt CK OCC 
SMO OY COMnwmy YU ui AYO Ob OO 


APC UPLGa 


REFAD 


WOYr err ernrn~nCacre dg cru odusw 


ROL 
773 
2091 
£2.02 
ee 
Te 
a9 
Kbt 
ee 
27 
KA 
a7 


STRIKE 


~~ 


JAG fr OM OR OUP OWL AIM OG MWOuidc & Nas GQ OR ANMst ir OD 
mt HO OP COOOL he MOM CH Paes Be CH YO FOTO Kn.Ca TC 
SCOP OA COS CUM MY WON emt © BIKE © AIT CUA OL Oe: 


Ue hie 
Oars MeO reo SOMME OH WORLOP @ OMINW GO-O WCAC sO CaO: 
OMe OF- CO OR OCOPR OE MINN HOOK} MOT fF OG Cate CO ey KUSm 
alg UW Ms$ SR Gy GAO OOO SOMONE OP UIA CiMOUr A CQO OC LUT AIC 

LU 

cw 


« 


ee Co Nee ee es CO SY Tere Ce CTU Cy vera sy 


= 
CG 
@nee oC CCMOcrOmwOcut COU<t OO CROC wb Clk ud 
uw 


= 
Ca 
math! 
NIK OSG YU LE MAO Ce WRC St lacor a OOO MUTE aA OetKQR MH GU ORC 
ON> ome tee & rlede et OIA AIAIAIOQCOAK OCF FAME COO OR: 
Looe) ey 


“2 


54 





V 

row a1) UE 

Uaw 

qadaefooremoygococucry 

> Q yy oot aN C -_ 

a= ti 

za GY. 

Ld 

Cc VCRrUR VU ORR Or LE 

ei ( OC CO Oe LiCl «Ee 

S=Cveoaor Lshboaocaer-u 

m—COoOoCdaca"oqancrrr 

UU CAICIQEOAIN CCOC AO AOCO 

z= 

ad 

Ta NTO eC O.0O CAYO 

SC BWvnrocareourt&CG 

eC rre’ matt QGie tam 

KR HONOAICICICOAL ACURA WA: 

IJUU 

ps 

ao 

em bet Ohh aoOG Kaha Sa 

ZzAUYUNA OCI PF FOO OrrtG\ ume 

MACY VY VS SNS tou ao U 

COU Oedtet medieedetieigte ee 2 ¥ <I 

tr ee O20) CON 6 
LOS NRO &t\ 
<I 
‘= JY) 
Ubi >- <t 

vo <i rFOa 

Celt warsvmu Siorwu wo Canc. 

<j aa em <u 

CSO 

cole © a OR 

a 

ti a 
oxyvoaoucHr awd foaoead UW) 
Le OOF OCF Ou Pui CeuU.a: 

Fras = MNS AY JAS OI zé< 

C uF Se Gia--0 Gc 

wy z~a> rie 

uw <j 
wie 
jut «<} 

Cra wei OV Nef GaO LOO Oa 

—CeCOtwcCc Oo rF fF Own Cf Ci 

UUs MONA GY OSG & CUS OO <r 
Lib 
ay: 

a mile | Cc 

-or~odguc™’ ae oO (1 Cite YY 

m- Ue Chew hw ing WY 

Ckaorsde nana sioadga 
<i © Ol oe ee 3 
OO <a WM Qe 

= * 

WO * = 
> Liu ~ & C 
TO WAM VK OL OOO © <t* aOOCu,.d u' 
Ca Or O00 WT OGR KF OOD C3 % u 

AU al" MANS QI FASO * 

QO the a x 
Se @©2Y Ot 
LL Li. $f 
& ute 
a i oO. # Coie © Cr Fy 
us reocrerrwrucyre’rr’ry «<1 3* a <1 
: Ct —Ut Clas 
Lip UL! $ 
Cf > CY + 
red G& 
«<) OceCkll Celt iste 
- Li 
WO =z 
te ea ex 
x eS 
= OF OCe CMSWIOPF COS 
a WSevudsidtgsyordgeodgeu. 
- er 
YA Fz 


er @, 
us © 


\_ eto | 





3 eS BER COMP Ise TE). 


DAY 
PATEESN TSa55 =TLLeWs 


FLOW 


PEPAT2 SCHENDHLEN Ene 


ARC 
SULTING 


ALL 


. 
fo 
es QOGccacaGeoc cccc 
<a fvwoeu CO 0 Guu aU mH Mes 
Ca Gae. COCCCCOCOCC CCCCCCOCO 
fY=<¥ ee ee ee ec ee es Fe we ee eee © Oe © @ 
er CeoeeCceCcCec COOCecC CC CCC Oc 
se Cs CC Ovi Osw grr OO OF vCr Cm 
CEOS ONL Canora concyr mOLroc 
Ow CRaALANP Ee SRO tea? RO OSG ee 
auc: ~ 


ol 

MmWIOCOOCCCCorAdmMG CCOGIreocotcK Co 
«<TS mie eC OG mee AIA 
<I Q 
> U'F- 

Cc. 


x 
Mme CeamoOCcecoccoececeececoCcocec oc. 


Ka WY OCOSCCOCOwOC Ce MHy Wu ie 
< 0.C. Aor gar Ca gsy we sIC 
= Ut 

fad 

TReOCOOCOCCCMMASGyv Crh irrCear w 

Cvo ~ 

tC 

LL Coes 

{ 

Y ,eSeeeckCoOocceGrectCGeCccorccrcoco 
UTC Cee CeoeCeCoCcadcr CeoCceCcorcococ 
Oe] Cee ec COCaonits inc (Ce hse NYG NS CO 
oJ eaooccceccCce - e. 


Peo SCOOCOOCeCO 
ete esi et el ee ee 


Mt 
IND) 


AD} 


MeeeeeecreeceecocoeecoceeCcocc 


1 QWER 


F | 


ok ee Oe 
Sef CCAR NAW CCITU Tere My yt 


baa 
NONE 
Af 


Nid <i<f <f 
ect et I ee Oe. Ub UCC atl yy 


cpqe 
Wee 


 «* a al ae OS 
OS HVA OOAKRNALLU Ce Du Te em yl uo 
PO QIA and 

APN AQdeat Te SQiuUGCOCactuuucrtiaeeyvyy 


56 


Ow 
C\ 
or: 


FLAW CAST 
THR OVWGHPUT 





Y 
a Ob 

tite 

Ad-— MOCK OIG RU MO Le SUCOAR UY OR aS CROC muUduUcCUuPRrOorCcY a 
> an KA AMR AHA A mC, Ae AK & rec ow C &Ar KAO Or « 
tu 

zCtv 

yw 

om GOO OPE CA TANNA A He OC mHOR ORR EKER eeoruaauecru 
OFrorcrcovwrcue Co G¢hCMNOCTArPR AO SOE Me CCe Cr YAY 4 
ZCWY MCG LAC ALY MH CSO NO OR LOK etEC RYE MO RIOO Pi eK CO rf 
bt ouC ie OCOCOIOO COC AACATHrEEEAA YY CMLL NU Sy 
Ze CE MMM ME WNQUIAIDA BN AEMAICKCOIAIAI QAI OQCAIAIAIO OO AQAA WOR 


UNS UO HOO RB OY ee DR EF SOON ON NIOTOCE AO OU Ge or KO 
OS AO OI MHA LINO R ONE OHOCOR MU CARO a LU Me RK OCaoL 
FERRO COW CHUY ENS SYS MOIM EK ME OR CONINIO OA Niet ete 
KIO MOLAR QORIQI HIRANO RA RAIA NI OAIOIM OE COCOA AMIE A REOIOORA 0! 


MAX TMUM 
FLOW 


InmMOte Fry Ce COU AC URiCPr COO 
rir CR OO Oe NK SY OF GO CK Ams Goh 
uuerbun ~eorwocoowwwse rhe RR 

° - 


TRA‘ 
TS4.7 


Cee 


CUM, 
PEDAT2 NETWORK 


OT ert © fC et Ose ™ CEL Oo re # ase IRE Cat ah ice 


ef: of ate oo - = 7 = - Coal = 


17 


UN eer 


TON RE 
REPATSEN) 


ts 
rxrTHeyenrage re mmonod CIEL OVe OK CACCY OT 
Lee OG ORO GE CO ater SS COwoioag we wu I~ CO Corl « 
aime Se WOR OMERA Se AIG Ss RICO At FOC RS SS SS Ot 
_ UF 
mer <a 6 
LL 


ONG OME Dall ood nes 
Ju MOO: 
oro’ @Ciw at aN 


Be 
402 


Qu su: 

OCA wEM MOOU' SO FF OMe WM MOO U PhO AE COT CC ee. Od MV tRe'QG Or 

TC mK OR AGRO Ce AOCOOGCKHK FF MOTI Ca OC dteirwndceuewh ct 
We neu (we © WUMOAIS SY NOG OA EON MR YY GG OIG ASIA RR OI | 
it 
mW 


> bu 


RoE~ Gh CAMO MOM ALOT OF MOM CAC AOOCY CO e100 wd fe fh 
meee OG OK CHGCORK FOTOCKU ye euUagcPradaark aie Core CCG OOO: 
peu alle CU ATOR SMA 6g HONS COSTS AIO Me SQ GNSS SAIS ARO R 
ecru 
MO aWM 
«J 
| 
Lou 
Oa xh et MNawwt AMOS MNAME WOU C FI OWOCOLTORMOGINCYI RAN CRM 
ACR OO ASR NOt a S) 0OONK PR COOWY OCMTOGSY CNY OHOACAME Sh 
ALL GQ NOME LO MINIONS OOO SE NOI BRIN EG MK ONS ONS NRT 
ib 
it 
Cc 


Eee CL ae eS eee Lc Coy wT Cima cs TCO ye eu 


STRIKES TAP CETED FOR PAY 


= 
© 
ran. C Cee ele weee srt COOOL. GU LEC U.tcoOC OU CUCU ae 
ii 
Za 
Cor 
— LE 
YO—OC!I0 SU OF TAO Ce AMIMOCPF TO OCKRianamMstuyshr ae ee Acsircreae 
Via Om me en eS MMI QUOI OO OIC Oe COMONC CCC 
— 
= ee 


5/ 





FAR 


STRERESS TSEC: 


—_ 


call 
STRIKES 


ie SIENA Wade 
ec ese OO Net oe ft 


NIIMRER 


AF 


One stad —eOChr OHO 
SUUNFGFMOACCG F LU tee 
Cm etHoeieti OOOOOO 
FR: IOS OCAITOAIOS OOOO OCA OA! 

pik 


N 


ele 
Oey. 


irauwt-O orca co a 
om al 


2 
REP AT! 


ON 


ui! 
A YWOT CME GMA IOP. 
inns COO MY GOK st 
TZeEOY SHES SEO SS AIO tO 
Cue 
wat; 
iL 


Cute! 

CAYve’h OOO MO 

ACK mm n MC ee 
Was ate eG Ow 
ub 
av: 


On 107 
Ce n'r 
SNe 


> Us 

eorn OmQanms mat oO 
mL INOS ONG HOKE 
Cr AN OSES AMS WOO 
ec, UE 


4, ‘7 


! 


MO <M 


<I 
© 
Oa © 


GOW ¥ MRONUNOMGA.OC Os mid: 
Ci~ CRO MDM MON COMA 


HUA VO SNS ONS AS We, 


tL 
@sY; 
a) 
PuUNynex<cCuTCusy > 
PS 
Co 
@ titeet Cu CihaecuLt < 
u 
a 
3 CC 
mL 
Y Cc OQ iO (ef U.70,f ax Ci 
eres tH Gwe Sue 
— 
ae 


s 
® 


a 


RECAP FOR NAY 
we we hc ok ke ts ok de ee tt he ke He oe ie ok 


S 


Waar c vit 


TOTAL NUIMREP 
STRIKES 
ENR PAY 


ARG 


cc 
Ruccruyy 


OCCu u <fu 


FRM 


Li. 


a te Cie ay iL 


cr <1 
Ge Uwcd th uiect y 


co 
reir 


ee @6 


<i «ji 





BEEN COMP Ee. 


4 HAS 
LOWS: 


EOR NAY 
AS FOL 
LAWER 


Ff) 
IS 


2 SCHBOUL 
W PATTERN 


oC) 


o Coe eG eaceccce Cc c 
<< if LOY LAr CUaut one 
ee OGee CCCCCOCeCeeeecc-Ooccccc 
‘<1 @eeeeseeeeee#ee#e#%2#e#e*e*#%e#%#e%#%#ee 6 
C. 


ie Gre CGC COOC CGtCcoccr$ CCC 


ROH ACOCR GOGO rr se Ccetr Cra 
OC {$ O eOCOOCCwle IT TCOaerv ~ otc oror 
OY TWO Et OG ONS LOIRE KES OS 
JU -— 


oy 

HU OOCCOCCOCOUUN ME CCC Hat OMG 
xa Ss oo ROCK MK AAie 
<0 re 
2 li k- 

a 

or 

ee (CC OOOOCeCeeeCeC ee CcCoeaao}O 
<I) OCOoceuv Ceicw hth 
AQC. COS beta mas Sue Su 
2 tb ©) 

~ 

sk COCCCOCOCEY MNS £0 UU CeO NPR OY 

Cwro ~ 

pe) |G) a) 

ui Cie 

! 


@S Pe OCeeCecceoceecrnrod +r ocor Cc..CO 
iieeseGOeCeGeCOCeC aOCml OCOG CmOoO°o 
QAaCrTOCOCCCOCOCAAAU MG ahs MHS OO 
OSS eG oeeeoocoe- aa 
—eee Cl COOOCO 


ont erm let ete te 


rOCOeGeeq Cc coeecccocoococ 


EL OW 
ROUND 


<f BOR ROA 
AAIQWICNMAR OWI COC DY TeSBYyuysy WZ 


Ti 
NaAnS 


TA <I cd <tc 
meet eT eT Te COC UI lt Cte eglt'y vy 


FROM 
noe 


tliat [ te el 
ee Ok OY Od Oe Or Ga GE OO Gt heel ae Oe © a 
GQ <{™ <j) <<] <q «< 
IZRaQ G0 ete Trem Te CCUM Ce VUTanyyvws 


Do 


OO 
Os 
Car: 


ST 


THOEIDUGHPUT 


Co 


od al) 








ot 
uaqay 
O<=-C Or OO eA —-O6,0 O Oe OF MCCOY RK 'ORrk NDR ATE 
> WACMA MOA MA MH OH Re MAM MO FO RM rmer OOOO AR 
lf. 
ai gl Y 
yY 
ed COOCRF FO eS POO Sa OCOUV KF UQGaowooNr ay Co 
CMR COaA SK SU OOP MORK CON l g GRP OCCU UO CG 
SC Uv TH esOPrP VA MU LU OO OAR OS MROOR VU YS Anocarhk 
eoCrKrhROowCOOU UYU SEO SIA I SOMO ME OH MOHAN 
LEU QCA AIOIAR 0 AE. A OND CE WOIO CUO RA WOOO AAA 
z 
=X 
Co eh eK COCO CRs RM Of ehh LU OOK MO ACR NG MO 
SC Fac a CSMrOhr CVOHOIG CGO NH CU aAGMP we wRtC 
mH SZC SE Yer OH ONAN We Rese M&M ROOT CC CCOS 
SE URMIOIOIOVRA AIA CEOS A CUOOR COBUQUOI OUR. CURICU RH COAICKUAQIOUER OC: 
<I Lbs UL 
ae 
(a 
em OSG GeO Cau Tea elo gal aa e000 OOP UIP OO OU ot 
Scere Vu CoOKR CO Ce NMA tuUUEPODOKRMs Me Crag 
me (o C CGCCocCOCC Ce & mer Mm ese Fe MK KANTO AA NINH CO: 
CU'CONIQIA. NWO ACURA AIOE CAV OQ OSEN QUMRAIOS CUAIOQ QUOI AIO: a) 
or 
C) 
Li > 
Uo <1! 
Gae-Cayvrorrroeoouercq@ecoetacawacarcrnrcoaceoquaco 
«J oe mm ee wnt ow om! - emt pi et 
Coa 2 
mL CC. 
'@ 
ue 
art Cu onrtraaddgdontu su ft OSes ei Oral 
tee-O @e CAY OMCA Ane WO aKFADK AOAC P- Ss Self 
FR A SEOUL SS HOO FHA OS tO OUR CHONG VY NOON ACO 
Cuk 
aa 
LL 
qoune: 
COKXCOR GSR CHOOGRETOCOKRAMe OCYWUYS OH GUI 
atCeOanraokr esfnawre ee te 1s! u Vigo £OCO O OMWMAIC 
Kaw AT GRAYS & ONES GS ROO GME GTN NRA 
Uk 
ame og) 
> a 
ears CNOA! IRragd Onmru SMP OYG ETM CPK OTC may 
Pe be Ss Oak C a WOME UID B&H KATE AHA hk CS Kil 
CR & SOLOS FENN G ROA SS GT eNN CIS GNSS GNM OR RO} 
ect ll 
foaduM 
«<[ 
=) 
a~ LLU 
aon xor svt Cb CNTR Maa COR AMACS UV Faro 
Ov KH CO OOhrnl GAMA Moe. COD ee) Ors OC OF SOG 
BULL Gg Wr MiG HOON HOH He OOS SS ONS SOG RMON HAM 
«x Wwe 
ee oy 
u. 
(a) Ci 
ie Reem Ley Uae re TreCCyvr au CcCuxyrOCulyr Cecraiyu Cc 
+ 
ae 
of =f 
cr C 
<I oc OoUICeCuE < Cte <1 beeOoO OL. U Cee. Cee 
oa Lu 
WW = 
i Oa 
x we U 
= YMA OUMS ULE OC Ce Ne FtCOOr ad Ge TIMOSICGPR-A OC 
Oo ve om wade ee Be met eH RAK CULO OL OL COOK QO1: 
= Be 
4. Eo 


60 


f 


h, 


Hex te oe ea oe ak ket ate ae ae Ke 


Raed PRR oO DY 


TATAL NUMBER 
GS Ueda ale S 
CAMOATGON 


Fro 


eee U hte a = OC. 


aor 
 <T 

wt 

<t 

He (cr 

Cree C 

RU 


a 


KeILWeC Au y= 


FROM 


Lt. 


Ge ilceauyd 


G 


a7 Ue COC attics + 


2A, 
73 
eA 
11 

a0 


| 


24 


WOC WW<I be 


Ooo 
co 





HAS BREN CS“ Pl EDGED. 


e 
« 


a 


Dey 
IS #S FOLLOWS 


. 


D FMR 


= 


Alt ARC RFP&IR SCHSNULE 
SLT ING FURW PATTIES 


QFE SI 


® 
a 4 


tl > CC Gee eG eG CCC Cc C Ct 
zo) ewer coer cuvraunr ¢c e- 
pers MeserG Gn © CCC O@Gaec GCCCec CS 
9 ce eoeeeeee8e8 8 em @emhmUchHhUcOrmhUCUcCOmrMUCUCcOrmhUCUCcMOrmhUCUCcCOrhUCUCcCOrhUCUcOOCmhUcCOCmhUchOCmhUhhUlUc Oh 
ps CG G@e Ge Oc OCCC OGCaOcCCc Cc 
SOC LEK F-OUICKL OO MOClW CU CCE Ce 
CC CO ee GOO Or th AOCcY CIC AG CmeGr 
Ow IFeeieou Cr Nag CAS OS KP WR OOS 
acl. an 
or 
wRUIOCOOCCOOOCCCUYW CK AOOCKRK AS CKa 
Mars ete AOI ee ION 
<0 &- 
= wy 
a 


Cc 
(=e CCC OOOCOODCOOOCeOCOCOOC CO 


«x <I Y, OQOCoc Eclu OCU Un yw 
20a°G Ql meg Th AS IOS 
wei c: 

raw 


ZFrOCOCCOOCOUMA ST CO UU CwOmnPran 


CiLO rood 
| a 
Uh Cem 
{ 
Cc COCCTCCOCOOOCONA MOMOCTHACMmCS 
soe CGC COC OCCr Aca we COCG CmOoO 
OCS Ceceececor OA nteirtrms ar iNet ARO 
CO aSCOoOoecococcoe - 
~teereaeOocOoCcOo°o 
Ot ee et rs em re ee 
ee 3a 
tur sa 
ag pee OSS SSS SCC 
on! tj 
tL of 
U; 
Clee! a ee a 
RKC SQ TUCOCANANULWLOCTU Te mytYy ul 
< 
~ tu 
C On<4 <fetet7 
OCN SKI TT MT OCOU UU OC aIah YY 
us 


(hie; a a ee 
Cee <TMOOC nO NALLY COC Tu Terme UU OT 
CY ae «Tt «, <i «J 
aaa et Te OIC CO ICC <f<fy vy 


61 


Ovo 
ONT 
ONS 








“UCU U OL &§& CCOa Ott 
C} ete O eer & Cont OM OO CF 


2 
ea 


3¢ 
Aa 
27 
24 
aye 


2a 
2@Q 


Ne aor 
CTOPMFS 
Aas 
ee ae) 


NEMRBREO 


Sea ee 
p, R478 


2 


ne 
Peles 7 
23°93¢ 

Q2 
23297 


P3242 
472 


226 
mae Ff. 


4 
- 


946] 
A4RGO 


o 


Cosy 
25970 
fae | 
PALO 
Cae | 
yamaice } 
5-625 
Se 
P&Y7} 
2 
PAEAN 
P452/ 
DL be 
24? 
pak 
Pen 17 
AAO 2 
DPAAL 
Jaa Do 
22h i4 


NETWORK 
8 eke 
Ki 


CCM EP SONNE CA Ona. HOU I Oe 
COCQiCanrwe TS Qerte OGTnr Ost Ae-OO 
CGR QS RM eer (SOOOCOCCOCH 
CONTRO OGG AIAIOI AIO. GEOL OAINOA AAI CO. 


Ai 
Ee 2 
O44? 
PARAS 
2PbR 


2704 
232 


2 ae 


MAXTMIIM 
A NETWORK 
FLOW 
2 


eb retour CUO Oe 
2HNCereK At VY WY © 
SOc CMR Orr Cr Cc 
QUIN MAIO AEA GUANA 


R 
27 
AOD 
ate 
14 


34 
12 


CAMPATGN 
aa 


STRIKES 


NAY 


O-OCOresCeopgnNiortececat @CacaCOoracc 


ote er ete Ke ete Oo mire mo ig e e A e 


TOTAL Nttmeaep 


APC 
ENO 


TO Be 
REPATRED 


ON 


tb OO eS eR ONE ONC UY CHO OCGa sind uy 
wy:0 mes Res Qmr<O OS AO MeO AH &t dg OVE 
GOOG HK AA SRM FMOONWS OOK GS OS OH ORK Oe 


4,78 
5 


we Vu we 0! 


FLOW 
AFTER 
Sn 


QIU urs 

OOM OKE OMT HY ONO Me HAO ME C$HOM COUP Ce L 

AC HOO THR HK ChIOT HA GS HOP LMR GAMO CALI a 
WE Hee ONT RD ROUNDS SOS NS SENS OO OO RH 
tik 
Ot 


TOTAL NUMBER 
ARC STRIKES 
FIR DAY 


~. Ls a 
mo YY De TINO MO MGR OI ew OBIOS CAMO OWMFlLOCU RUC Cortex Yy 
mee Re IO O MOT R ewe OOOO HR OA Ht oP 
Crk o& SMR OOAOIS HOO CRS OO OS NS OMAR a, 
eat ti t— 
ra «NM 
«J 
co 
> tL ti! 
De KOON EY OOM Me MNO COmCH OU AF Oe 
Ca C.mOMOPR RE su PO CE ON EN M RK OF AIMCO OA NIN 
JU COU CO mF SG HKQUN YS AQ Ss SENSO SOUS OMEN AI 
Li 
CV; 


Sand 
a 


CielC uU tari. 


He teak a He He ake ae koe 
ER AM 


FoR 


es 
(Ss ee Cru ye 
cr <t 
“Set OC Uae Ss: 


— Comeau Tey UT ee eC aay CU vice tary 


A 
RECAP FAR NAY 


We 42 ee oe oe 


Cll CUWWIE a ClmmOcet ee. Clk Coe Ue C OL <u 


DOM 


—= 


Patt 

Gy 

mL. 

UA (AC su RCO Oe NMOL Uw CO Cet ath Cf © 
Ws erp er iedeenem mere DONA KH QALY 
——— 


» 4 


STRIKES TARGETSCO 


62 


7 & 
20S 





Ge 


i ta Ee 


2 


13. 


BIBLIOGRAPHY 


Danskin, J. M., "Combat Problems, Weapons Systems, and the 


Theory of Allocation," Journal of the Operations Research 
Society of America, v. 2, p. 204-205, March 1954. 


Danskin, J. M., Theory of Max-min and its Applications to 
Weapons Allocations Problems, Springer-Verlag New York Inc., 
IS EE 


Durbin, E. P., An Interdiction Model of Highway Transportation, 
The Rand Corporation, R-4945-PR, May 1966. 


Ford, L. R., Jr., and Fulkerson, D. R., Flows in Networks, The 
Rand Corporation, R-3/75-PR, August 1962. 


Holliday, L. P., A Method for Estimating Road Capacity and 
Truck Requirements (U), The Rand Corporation, RM-3331, ARPA, 
November 1963 (Confidential). 


Koopman, B. 0., Search and Screvning, Operations Evaluation 
Group, Office of the Chief of Naval Operations, Navy Department, 
1946. 


Koopman, B. O., "The Optimum Distribution of Effort,'' Journal 


of the Operations Research Society of America, v. 1, p. 52-63, 


January 1953. 


Hancock, H., Theory of Maxima and Minima, Ginn and Company, 1917. 


Mustin, T. M., Optimal Allocation of Airstrikes for Interdiction 
of a Transportation Network, M.S. Thesis, Naval Postgraduate 


School, 1967. 


Nugent, R.0., The Optimum Allocation of Airstrikes Against a 


Transportation Network for an Exponential Damage Function, M.S. 
Thesis, Naval Postgraduate School, 1969. 


Wollmer, R. D., Removing Arcs from a Network, Operations Research 
Center, University of California, Berkeley, ORC64-5 (RR), 
13 March 1964. 


Wollmer, R. D., Algorithms for Targeting Strikes in a Lines-of- 


Communication (LOC) Network, The Rand Corporation, R-5864-PR, 
February 1969, 


Wollmer, R. D., and Ondrasek, M. J., A Model for Targeting 


Strikes in an LOC Network, The Rand Corporation, RM-5940-PR, 
September 1969. 


63 





14. Wollmer, R. D., Sensitivity Analysis of Networks, Operations 


Research Center, University of California, Berkeley, ORC65-8, 
April 1965. 


15. Wollmer, R. D., Some Methods for Determining the Most Vital 
Link in a Railway Network, The Rand Corporation, RM-3321-ISA, 


April 1963. 


64 





INITIAL DISTRIBUTION LIST 


Defense Documentation Center 
Cameron Station 
Alexandria, Virginia 22314 


Library, Code 0212 
Naval Postgraduate School 
Monterey, California 93940 


Department of Operations Analysis, Code 55 
Naval Postgraduate School 
Monterey, California 93940 


Asst. Professor James G. Taylor, Code 55Tw 
Department of Operations Analysis 

Naval Postgraduate School 

Monterey, California 93940 


Major Larry R. Capps 

Student Officer Company 

USA Ordnance Center and School 

Aberdeen Proving Ground, Maryland 21005 


65 


No. Copies 


Z 











Security Classification 


DOCUMENT CONTROL DATA- R&D 


(Security classification of title, body of abstract and indexing annotation must be entered when the overall report Is classified) 









1. ORIGINATING ACTIVITY (Corporate author) 2a. REPORT SECURITY CLASSIFICATION 


Naval Postgraduate School Unclassified 


Monterey, California 93940 


3 REPORT TITLE 


A Dynamic Model for the Allocation of Airstrikes Against a Lines-of-Communication 
Network. 


4. DESCRIPTIVE NOTES (Type of report and, inclusive dates) 
Master's Thesis; September 1970 


S$. AUTHOR(S) (First name, middle initial, last name) 


Larry Reginald Capps 


6. REPORT DATE a : va. TOTAL NO. OF PAGES 7b. NO. OF REFS 
September 1970 66 15 


8a. CONTRACT OR GRANT NO. 94. ORIGINATOR’S REPORT NUMBER(S) 
b. PROJECT NO. 


G 9b. OTHER REPORT NO(S) (Any other numbere that may be assigned 
this report) 


d. 


10. DISTRIBUTION STATEMENT 


This document has been approved for public release and sale; its distribution is 
unlimited. 


1%. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY 


Naval Postgraduate School 
Monterey, California 93940 





Bil3. ABSTRACT 


A computer model is presented for determining the daily allocation of air- 
strikes for interdicting a lines-of-communication (LOC) network assuming an ex- 
{ ponential damage function. The allocation of sorties to arcs in the network is ! 
based on the assumptions that (1) flow of supplies is restricted by network 
capacity and (2) parameter values for each arc are independent. Upper and lower 
flow bounds, cost per unit flow, maximum repair time and cost, and the vulnerability 
parameter for each arc are required as input data. The model selects that arc to 
strike which maximizes the repair cost plus the product of the increase in minimum 
cost circulation flow and repair time. The procedure is programmed in daily cycles, 
allowing repair on interdicted arcs. A sample problem and all documentation neces- 
sary for duplicating the computer program are given. 


DD *o"..1473 9 (Pace 1) 


| 67 
S/N 0101-407-6811 Security Classification 


4-31408 





* Security Classification 


KEY WOROS 


Lines-of-Communication Network 
Allocation of Airstrikes 
Exponential Damage Function 
Interdiction 

Computer Model ) 








ouel 4 73 (BACK ) 


(6 0101°807-6 1 : a : 
82 68 Security Classification A-31409 











Thesis 120960 

C1953. Capps 

eet A dynamic mode! for 
the allocation of air- 
strikes against a 
lines-of-communication 
network. 


thesC 1953 
ic 


Tl 


